Background and objectives: Anemia and hemoglobin (Hb) variability are associated with mortality in hemodialysis patients who are on erythropoiesis-stimulating agents (ESA). Our aim was to describe the degree of Hb variability present in nondialysis patients with chronic kidney disease (CKD), including those who were not receiving ESA, and to investigate the association between Hb variability and mortality.
S
ubstantial numbers of epidemiologic studies have described the association of anemia with worse outcomes in all populations, including chronic kidney disease (CKD) populations. More recently, the identified phenomenon of hemoglobin (Hb) variability (the oscillations or fluctuations of an individual dialysis patient's Hb over time) (1) (2) (3) (4) (5) has also been associated with adverse outcomes and has received increasing attention as a therapeutic target (4,6 -9) . It remains unclear what the best method is to define or measure Hb variability and whether its association with adverse outcomes is simply an epiphenomenon or a causal relationship. Furthermore, CKD studies to date have been primarily restricted almost exclusively to hemodialysis patients who were receiving erythropoiesis-stimulating agents (ESA) (1) (2) (3) (4) (5) (6) (7) (8) Debate exists on which factors may influence the severity and frequency of Hb variability. Identification of these factors is necessary if manipulation of Hb variability in experimental or clinical settings is a goal (3, 4, 8, 10, 11, 12) . There are some data to suggest that physician prescribing patterns of ESA and the type of ESA affect variability; however, because both may be confounded by other factors, the specific contribution of these and other factors to Hb variability remains uncertain (3, 4, 10, 11, 12) . The goal of this analysis was to assess the presence of anemia and Hb variability within a culturally diverse, nondialysis CKD population that included patients who were not receiving ESA therapy. We assessed the association of Hb variability with mortality and explored factors that are associated with Hb variability.
Materials and Methods
This was an international, multicenter cohort study involving 22 sites from Australia, Canada, Spain, France, Italy, Israel, and the United Kingdom. Eligible participants were patients who were enrolled at a particular participating center between January 1, 2003, and October 31, 2005, and had stages 3 through 5 CKD (estimated GFR [eGFR] Ͻ60 ml/min per 1.73 m 2 ). To be included, patients required a minimum of three Hb measurements within a 6-mo period, and they were excluded if they required dialysis or received a kidney transplant during this period. All subsequent laboratory data were collected, and patients were followed up until April 30, 2007, providing a minimum of 18 mo of potential follow-up. Those who were not receiving an ESA were also included in this study. Approval was obtained from each individual participating center's ethics committee as required.
Definitions of Hb Variability
Because the preferred definition of Hb variability remains to be elucidated, we elected to examine our data set using a variety of the current published methods to ensure consistency and robustness of the results. The intraindividual Hb variability was defined using the earliest 6-mo baseline period that included at least three Hb measurements for each patient. Hb measurements included in the analysis were a minimum of 25 d apart, to avoid or minimize the potential for multiple measurements as a result of intercurrent illness. An individual's Hb variability was subsequently quantified according to a number of definitions: have the smallest degree of variability, followed by groups II and IV, with group VI having the greatest degree of variability.
We considered mortality from any cause as the primary outcome, because this was the only outcome that was easily validated and comparable. Patient demographics, full blood count, biochemistry, iron studies, CKD status, and commencement of dialysis were recorded. Patients were grouped into the following categories: (1) No use of ESA therapy throughout the baseline period, (2) receiving ESA throughout the baseline period, or (3) commencement of ESA therapy during the baseline period. Data were obtained in some centers through local clinical and administrative databases, whereas others used detailed chart reviews.
Statistical Analysis
Descriptive statistics are presented as mean with SD or median with range, depending on the underlying distribution. Continuous and categorical variables were compared across groups on the basis of ESA use during baseline period using ANOVA or Kruskal-Wallis and 2 tests, respectively. Patient survival was estimated using the Kaplan-Meier method. Survival curves, by Hb categories described, were compared using the log-rank test. Only the patients who were either on ESA throughout the baseline period or not on ESA throughout were included in the survival analysis. Commencement of ESA resulted in an intentional increase in Hb variability for a period of time that would make it inappropriate to include this group in the outcome analysis.
The Cox proportional hazards model was used to identify factors that were associated with mortality. All models included Hb variability parameters using definitions described. In addition, age, gender, diabetes, baseline eGFR, dialysis initiation, Hb intercept, and Hb trend were eligible covariates, with selection guided by a backward elimination procedure. Dialysis initiation was considered as a time-dependent covariate. Potential predictors of Hb variability (i.e., factors that were observed before 6-mo baseline period) as well as factors that were associated with Hb variability (i.e., factors that were observed during the 6-mo baseline period) were explored by fitting multivariate linear regression models and logistic regression models. The high level of Hb variability in logistic regression model was defined using the fourth quartile of residual SD as the cutoff point (i.e., Ͼ7 g/L). P Ͻ 0.05 from two-sided tests was considered to indicate statistical significance. All statistical analyses were performed using SAS 9.1 (SAS Institute, Cary, NC).
Results

Demographics
Data were received on 10,154 nondialysis and nontransplant patients with CKD during the baseline period (equating to Ͼ90% of the patients with CKD in the nephrology programs of the recruiting centers), 7006 had 6 mo of baseline data, and 6165 of these had three or more Hb values at least 25 d apart during this baseline period and were considered in these analyses ( Figure 1 ). Participants represented 22 centers from seven countries and were followed for a median of 32.3 mo, with a lower and upper quartile of 21.5 and 47.1 mo. Table 1 describes the demographic characteristics of this sample in detail and as a function of ESA use, nonuse, or commencement during the 6-mo baseline period. Patients who were on ESA throughout had significantly worse kidney function, were older, were more likely to be white, had lower Hb, and had less diabetes than those who were not prescribed an ESA during the baseline period.
ESA Use and Hb Variability
There were differences in Hb variability among patients who had CKD and were receiving and not receiving ESA (Table 2) .
Those who were not using ESA during the entire baseline period had higher Hb intercepts, lower slopes, and a higher frequency of lower amplitude changes in Hb. Greater variability was apparent in patients who had CKD and were receiving ESA therapy using the residual SD as compared with those who were not receiving ESA therapy: 6.8 Ϯ 4.8 versus 4.9 Ϯ 4.4 g/L. The most stable Hb categories (I, III, and V) accounted for 52.8% of patients who were not receiving ESA therapy throughout, compared with 26.8% for patients who were receiving ESA throughout (P Ͻ 0.0001).
During the follow-up period, 29.6% (1824 of 6165) of patients initiated dialysis. The patients who started dialysis were significantly more likely to have either commenced or to have already received ESA therapy throughout the baseline period (37.3 and 35.9%) versus 23.0% who were not receiving ESAs (P Ͻ 0.0001). Dialysis initiation was included in further multivariate analysis that examined the relationship between Hb variability and mortality as a time-dependent covariate. Categories with the greatest association with mortality were groups V and IV, with a first quartile of survival of 23 mo (95% confidence interval [CI] 18 to 28 mo) and 30 mo (95% CI 27 to 32 mo), respectively (Figure 2 ). This was even greater than the group with the greatest degree of variability (VI), with a first quartile of survival of 32 mo (95% CI 27 to 88 mo; P Ͻ 0.001). The factors that were associated with mortality in patients who were not receiving ESA were qualitatively and quantitatively similar to those who were receiving ESA, with comparable hazard ratios (HR), excluding those who commenced ESA at some point during the baseline period (Table 3) . Specifically, lower Hb, decreasing Hb trend, and greater Hb variability were associated with higher mortality irrespective of ESA use during the baseline period.
Hb Variability and Mortality
Given that the HR for Hb variability were similar among patients who were and were not receiving ESA, pooling of data across these groups was appropriate and provided more precise estimates (Table 4) . In a sensitivity analysis that censored patients upon dialysis initiation, our findings did not alter with regard to the association between Hb variability and mortality (data not shown). A variable for ESA use was also included in the model but did not reach statistical significance (P ϭ 0.13). The second part of Table 4 demonstrates the association of Hb categories with mortality: Group V had the highest HR, whereas groups IV and VI had an approximately 60% higher HR for mortality than patients who remained within the target range (reference group). The inclusion of interaction terms did not significantly change the HR reported in Table 4 (data not shown). When Hb variability was quantified using changes in consecutive intraindividual Hb measurements, the association with mortality was maintained with the mean SD of the change in Hb having an HR of 1.020 per g/L (95% CI 1.002 to 1.040 per g/L) that was independent of age, gender, diabetes, kidney function, ESA use, baseline Hb, and mean change in Hb. Table 5 describes the factors that predicted and those that were associated with the highest quartile of residual SD, demonstrating that they were similar and comparable in the size of their odds ratio. It is interesting that the odds ratio differed between long-and short-acting ESA, with long-acting ESA being more likely to be associated with increased Hb variabil- Groups with anemia-especially persistent-had the greatest risk for death, even more than the group with the greatest degree of variability (P Ͻ 0.0001). 
Predictors and Associations with Residual SD
Discussion
Hb variability has been identified as being associated with morbidity and mortality in hemodialysis patients; however, full understanding of this phenomenon and its significance remain unclear (4,6 -9) . This analysis represents the largest cohort to date describing Hb variability in an international, nondialysis CKD population; importantly, it includes both those who were and were not receiving ESA therapy. We demonstrated that the average degree of Hb variability was greater in patients who were receiving ESA, but it existed nonetheless in all patients with CKD. As others have seen among dialysis populations, Hb variability was independently associated with mortality in this nondialysis CKD cohort. This association was statistically significant and independent of the absolute Hb level, change in Hb level over time, and ESA use. We were able to assess relative contributions of known factors on Hb variability, but these factors did not explain all of the variation seen. This analysis importantly displays the value of examining the concept of Hb variability in the various populations. Importantly, the prevalence of Hb variability in association with both ESA use and nonuse, in a CKD population, may direct the nephrology community to consider Hb and its variability as markers of illness and comorbidities. It is unknown whether Hb variability can be manipulated and, if it is possible, then how best to achieve this. It seems unlikely that targeting any of the factors in our multivariate model would contribute greatly, because the model accounted for only 11.3% of the variation in Hb variability.
The definition of Hb variability has been described differently by various authors. The concept remains the same, but the specific mathematical constructs vary. Irrespective of which definition was used in this analysis, Hb variability was consistently associated with poor outcomes. A recent publication provided an alternative definition that allows the initial Hb level, the rate and direction of change in Hb concentration, and the degree of Hb variability to be quantified and therefore examined statistically (8, 9) . We used this definition predominantly for this analysis, although comparisons were done with all other published definitions, with consistent results.
It has been demonstrated that individual dialysis patients' Hb concentrations fluctuate greatly over time (1) (2) (3) (4) (5) (6) (7) (8) . In some studies, only 8 to 18% of dialysis patients maintained stable Hb concentrations throughout a 6-to 12-mo period (1, 4, 5) . In comparing this CKD patient cohort with dialysis cohorts, the degree of Hb variability reported by Ebben et al. (4) was similar in our patients who were on ESA therapy but differed significantly in patients in this cohort who were not receiving ESA. Because Hb variability remained significantly greater in those who were receiving versus not receiving ESA, it is conceivable that the use of ESA contributes to variability. Given that use of ESA is confounded by intention, little more can be said about this finding. The data as gathered and presented cannot ascertain whether prescribing practices, indications, or the agent per se contributes to variation. Given that we do report Hb variability in patients who had CKD and were not receiving ESA, this report may help to define baseline variation that is intrinsic to CKD populations.
The degree of Hb variability that is present in patients with CKD, including those who are not receiving ESA, is greater than would be expected among patients without uremia (13) (14) (15) . Variation of Hb in healthy individuals does occur (13) (14) (15) (16) . It is both diurnal and fluctuating over periods of time up to 1 yr (14, 15) . In a study of 39 healthy individuals, the within-subject coefficient of variation for Hb was 2.8% (15) . At a mean Hb of 146 g/L, this would be equivalent to an SD of 4.1 g/L, a value lower than the 8.0 g/L found in our nondialysis patients who had CKD and were not receiving ESA therapy.
The greater Hb variability that is seen in those who are receiving ESA is likely to be multifactorial in cause and includes the half-life and administration practices of the drug, changing patient status, and changes in iron status (2-5). This is best exemplified in our analysis in the subgroup of patients who commenced ESA therapy during the baseline period: They had the lowest Hb intercept yet the greatest mean change in Hb and the greatest SD of change in Hb. Importantly, when all of the variables that are traditionally associated with Hb variability were included, the model accounted for only 11.3% of the Hb variability. Thus, ESA use, ESA type, eGFR, age, gender, white cell count, albumin, and iron studies may not account for a substantial proportion of the variability. This suggests that other inherent factors that were not examined within our nondialysis CKD cohort may induce this phenomenon.
Although there is statistical independence of various factors, including Hb variability, with mortality, given that age, gender, diabetes status, and dialysis initiation also predict Hb variability as well as mortality, the question remains as to whether Hb variability itself causally contributes to mortality or factors that are on the same causal pathway for both Hb variability and mortality are more profound contributors. We demonstrated that there is a significant association between Hb variability and mortality in this nondialysis CKD population, regardless of ESA use. This association is independent of the Hb concentration and change in level over time, both of which were also significantly associated with mortality. This is consistent with a recent publication in hemodialysis patients and was of a similar magnitude: HR (unweighted) was 1.34 per g/dl versus ours of 1.03 per g/L (8).
The external validity of our findings may be limited by the inclusion criteria that we predetermined. A minimum number of Hb measurements, three in this study, are required to be able to define adequately the Hb variability of an individual patient, and ensuring at least 25 d between measurements reduces the likelihood of repeat Hb measurements during an acute illness. This may predispose to bias, however, with our results potentially being applicable only to patients who had CKD and would have occasion for clinical reasons to have at least three Hb measurements during a 6-mo period.
Conclusions
This study describes Hb variability in nondialysis patients with CKD regardless of ESA status, although it is more pronounced in patients who received ESA therapy. Although Hb variability is associated with an increased risk for mortality, it remains unclear whether this is causal in nature or simply an epiphenomenon. Using robust analytical methods, it seems that there are a multiplicity of factors, many as yet unidentified, that may affect both Hb variability and mortality; therefore, the ability to adjust the degree of Hb variability and then potentially effect outcomes remain elusive.
